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LOWER COMPLEXITY COMPUTATION OF 
LATTICE REDUCTION 

TECHNICAL FIELD 

The teachings detailed herein relate to signal detection in a 
Wireless system using a reduced lattice basis to detect the 
transmitted signal, and is particularly advantageous for 
detecting transmissions in a multiple-input/multiple output 
MIMO communication system. 

BACKGROUND 

While MIMO systems offer the possibility of increasing 
data throughput Without increasing bandwidth, the fact that a 
signal is sent via multiple antennas and/or received at mul 
tiple antennas make signal detection computationally com 
plex as compared to systems employing a single transmit and 
single receive antenna. Speci?cally, the transmitted signal x is 
subject to interference and noise While moving through the 
Wireless channel. The received signal y is detected and its 
value is determined by removing channel in?uences so as to 
resolve the best estimate of What the transmitted signal x Was. 
Algebraically, y:Hx+n, Where H is the channel matrix and n 
is noise. Channel in?uences are determined from measured or 
estimated parameters of the channel to determine the channel 
matrix H. In a single antenna system (one transmit and one 
receive antenna), there is one channel betWeen them (neglect 
ing multi-path detection) and H is one roW. Where the 
received signal y is received over multiple channels such as 
When sent from multiple transmit antennas and/ or received at 
multiple receive antennas, the channel is more than additive 
as H expands in roWs and columns, so the corresponding 
computations involved to determine and remove in?uences 
from those multiple channels from that same single signal 
increases non-linearly With the number of antennas. To 
resolve the received signal y in a MIMO system, With the 
same con?dence level (bit error rate) as for a single channel, 
a complex and iterative process many times more demanding 
than the baseline single channel scenario is employed. In that 
Wireless systems use portable transceivers With a limited 
poWer supply and reduced/sloWer computational capacity as 
compared to larger, ?xed and AC-poWered base station trans 
ceivers, the theory of increased MIMO data rates is someWhat 
frustrated by these practical limitations of the mobile equip 
ment that Would most likely bene?t from it. 

Consider one prior art technique that may be used for 
MIMO signal detection, shoWn in FIG. 1, taken from FIG. 3a 
of US. Pub. No. 2005/0175122 A1, by Nikolai Nefedov et 
al.). As detailed in that publication, FIG. 3a illustrates a 
simpli?ed ?oWchart of a sphere decoder signal detection 
method, and for simplicity assumes the same number of trans 
mit and receive antennas Nt. A counter i is initialiZed 301 and 
the transmitted symbol xi is determined 302 in a reduced 
complexity sphere decoder by taking into account its modu 
lation 302a and a priori reliability information concerning the 
transmitted symbol xi 302b. The sphere decoder is reduced 
complexity because it does not search the entire signal con 
stellation or lattice but only a spherical subset thereof to 
resolve the symbol xi. The modulation scheme typically 
affects the area of the sphere in Which the sphere decoder 
searches for the value of the symbol xi. The a priori informa 
tion may be obtained from a channel decoder or error detector 
operating on the present symbol xi, from a previously 
detected symbol, or from an external source such as a channel 
decoder or error detector of another user or service. The 

determined symbol xi remains a soft value until all symbols xi 
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2 
are determined, in Which case they are as sembled into a vector 
x and output 305 as a hard output for Which reliability infor 
mation is determined 306. 

The Nefedov publication describes that in estimating xi, 
upper and loWerbounds to the estimated symbol xi as set forth 
in Eqs. 6-8 are recursively and iteratively updated by Eq. 9 
until either a value of xi is determined or the search for xi 
begins again With a different initial parameter of xl-_ 1 . One can 
see that this may be a computationally intensive undertaking. 
Where the received symbols are voice, symbol decoding must 
be done in real time or nearly so. Where the received symbols 
are large data ?les (e.g., video or image data), symbol decod 
ing need not be in the chronological order transmitted but 
there is typically a much larger volume of symbols to detect. 

Apart from Nefedov’s searching Within a limited sphere 
that is less than the entire signal constellation, lattice reduc 
tion is one Way to reduce this computational intensity. Spe 
ci?cally, lattice reduction in a MIMO detection system cal 
culates a change of a basis matrix T for the channel H, such 
that H*T is closer to an orthogonal matrix than H. The change 
of basis matrix T is a unimodular integer matrix, meaning that 
its elements are only integers and its determinant DET(T)::l. 
The MIMO symbol detection can then be performed by oper 
ating With H*T and T_lx, instead of H and x, Where x is the 
transmitted symbol vector. The near orthogonality property 
of H*T results in relatively small noise enhancement With 
linear detection techniques (Zero Forcing, Minimum Mean 
Square Error), and so good detection performance is main 
tained. Lattice reduction can also be used to improve the 
performance of loW complexity non-linear MIMO detectors 
such as Serial Interference Cancellation (SIC) detectors. 
One Way to calculate the change of basis matrix T is With 

the Lenstra-Lenstra-LovasZ (LLL) algorithm. The LLL algo 
rithm is particularly detailed in a paper entitled FACTORING 
POLYNOMIALS WITH RATIONAL COEFFICDENTS by A. K. Lenstra, H. 
W. Lenstra and L LovasZ, in Math Ann 261, 515-534 (1982), 
hereby incorporated by reference. The LLL algorithm is 
Widely used in the Wireless communication arts, but under 
certain conditions it too might impose a high computational 
burden. 
What is needed in the art is a symbol detection method and 

apparatus that operates With reduced complexity as compared 
to the prior art so as to be viable for poWer consumption, 
computational capacity, and time to resolve the received sym 
bols in mobile platforms operating in a MIMO system. 

SUMMARY 

The foregoing and other problems are overcome, and other 
advantages are realiZed, in accordance With the presently 
described embodiments of these teachings. 

In accordance With an exemplary embodiment of the inven 
tion, there is provided an a method for detecting a signal. 
First, a signal vector is received over a plurality of channels. 
A channel matrix H is determined that represents at least one 
of the plurality of channels. Using an iterative algorithm, a 
change of basis matrix T is determined that, When multiplied 
With the channel matrix H, converges to a matrix H*T that is 
more orthogonal than the channel matrix H. The iterative 
algorithm is upWardly bounded in a number of iterations by a 
predetermined maximum value. The channel matrix H and 
the change of basis matrix T are used to detect the received 
signal vector. 

In accordance With another exemplary embodiment of the 
invention, there is provided a program of machine-readable 
instructions, tangibly embodied on an information bearing 
medium and executable by a digital data processor, to per 
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form actions directed toward determining a change of basis 
matrix T for use in decoding a received signal. The actions 
include receiving a signal vector over a plurality of channels, 
determining a channel matrix H that represents at least one of 
the plurality of channels, and then using an iterative algo 
rithm, determining a change of basis matrix T that When 
multiplied With the channel matrix H converges to a matrix 
H*T that is more orthogonal than the channel matrix H. The 
iterative algorithm is upWardly bounded in a number of itera 
tions by a predetermined maximum value. 

In accordance With another exemplary embodiment of the 
invention, there is provided a receiver that includes a plurality 
of receive antenna ports, a channel estimator, a matrix gen 
erator, a register, a memory, and a processor. The channel 
estimator has an input coupled to an output of each of the 
plurality of receive antenna ports, and an input coupled to the 
processor and is adapted to determine a channel matrix H for 
a channel realiZation. The matrix generator has an input 
coupled to an output of the channel estimator, and is adapted 
to determine according to an iterative algorithm a change of 
basis matrix T that When multiplied With the channel matrix H 
converges to a matrix H*T that is more orthogonal than the 
channel matrix H. This simpli?es detection. The register is 
coupled to the matrix generator and is adapted to store an 
upWard bound to the number of iterations the algorithm may 
perform. The memory is adapted to store the iterative algo 
rithm. The processor terminates further iterations of the algo 
rithm for a current channel realiZation once the upWard bound 
is reached. 

In accordance With another exemplary embodiment of the 
invention, there is provided a method for detecting a signal. In 
this method, a signal vector is received over a plurality of 
channels. For a ?rst channel realiZation, a ?rst channel matrix 
H1 is determined that represents at least one of the plurality of 
channels. An iterative algorithm is used to determine a ?rst 
change of basis matrix T 1 that When multiplied With the ?rst 
channel matrix Hl converges to a ?rst combined matrix 
Hl’l‘Tl that is more orthogonal than the ?rst channel matrix 
H1. For a second channel realiZation, a second channel matrix 
H2 is determined that represents at least one of the plurality of 
channels. The iterative algorithm is initialiZed With a matrix 
derived from the ?rst change of basis matrix T1, and the 
initialiZed iterative algorithm is used to determine a second 
change of basis matrix T2 that When multiplied With the sec 
ond channel matrix H2 converges to a second combined 
matrix H2*T2 that is more orthogonal than the second channel 
matrix H2. The second channel matrix H2 and the second 
change of basis matrix T2 are used to detect a signal received 
in the second channel realiZation. 

In accordance With another exemplary embodiment of the 
invention, there is provided a program of machine-readable 
instructions, tangibly embodied on an information bearing 
medium and executable by a digital data processor, to per 
form actions directed toWard determining a change of basis 
matrix T for use in decoding a received signal. The actions 
include receiving a signal vector over a plurality of channels, 
for a ?rst channel realiZation, determining a ?rst channel 
matrix H 1 that represents at least one of the plurality of chan 
nels, and using an iterative algorithm to determine a ?rst 
change of basis matrix T 1 that When multiplied With the ?rst 
channel matrix Hl converges to a ?rst combined matrix 
Hl’l‘Tl that is more orthogonal than the ?rst channel matrix 
H1. Further, the actions continue in that, for a second channel 
realiZation, a second channel matrix H2 is determined that 
represents at least one of the plurality of channels. The itera 
tive algorithm is initialiZed With a matrix derived from the 
?rst change of basis matrix T1, and the initialiZed iterative 
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4 
algorithm is used to determine a second change of basis 
matrix T2 that When multiplied With the second channel 
matrix H2 converges to a second combined matrix H2*T2 that 
is more orthogonal than the second channel matrix H2. The 
second channel matrix H2 and the second change of basis 
matrix T2 are used to detect a signal received in the second 
channel realiZation. 

In accordance With another exemplary embodiment of the 
invention, there is provided a receiver that includes a plurality 
of receive antenna ports, a channel estimator, a processor and 
a matrix generator. The channel estimator has an input 
coupled to an output of each of the plurality of receive antenna 
ports and an input coupled to the processor and is adapted to 
determine a ?rst channel matrix Hl for a ?rst channel realiZa 
tion and a second channel matrix H2 for a second channel 
realiZation. The matrix generator has an input coupled to an 
output of the channel estimator and is adapted to determine, 
according to an iterative algorithm, a ?rst change of basis 
matrix T 1 for a ?rst channel realiZation that When multiplied 
With the ?rst channel matrix H 1 converges to a ?rst combined 
matrix H 1*T 1 that is more orthogonal than the ?rst channel 
matrix H1. The matrix generator is also adapted to determine, 
according to the iterative algorithm as initialiZed With a 
matrix deriving from the ?rst change of basis matrix T1, a 
second change of basis matrix T2 for the second channel 
realiZation that When multiplied With the second channel 
matrix H2 converges to a second combined matrix H2*T2 that 
is more orthogonal than the second channel matrix H2. 

Further details as to various embodiments and implemen 
tations are detailed beloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing and other aspects of these teachings are 
made more evident in the folloWing Detailed Description, 
When read in conjunction With the attached DraWing Figures, 
Wherein: 

FIG. 1 is a prior art simpli?ed ?owchart of a Sphere 
Decoder for signal detection taken from FIG. 3a of US. Pub. 
No. 2005/0175122 A1. 

FIG. 2 is a schematic diagram of a MIMO system that 
includes a MIMO transmit device and a MIMO receive 
device, each With four operational antennas communicating 
over a channel characterized by the matrix H. 

FIG. 3 is a schematic diagram of a transceiver device 
according to an embodiment of the invention. 

FIG. 4 is a graph of condition number versus LLL outer 
algorithm loop count shoWing mean condition number and 
maximum condition number for an 8x8 MIMO system. 

FIG. 5 is a graph of CDF versus iterations in a Lenstra 
Lenstra-LovasZ algorithm. 

FIG. 6 is a process How diagram illustrating steps in 
executing an exemplary embodiment of the present invention. 

DETAILED DESCRIPTION 

A generaliZed MIMO communication system 10 is shoWn 
in a simpli?ed schematic form in FIG. 2, Where a transmit 
device 12 such as a base transceiver station of a mobile 

telephony netWork transmits a symbol vector x:{xo, x1, x2, . 
. . xi} from each of four transmit antennas 14 (labeled Tl 
through T4), and a receive device 16 such as a mobile station 
receives the transmitted symbol vector as y:{yo, y l, y2, . . .yi} 
over the MIMO channel 20. The channel 20 is characterized 
by the channel matrix H. Each sub-channel from one transmit 
antenna 14 to one receive antenna 18 is represented as one 

element ht’, of the channel matrix, With subscripts indicating 
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the path from transmit to receive antenna, so that for the four 
transmit antennas 14 and four receive antennas 18 illustrated 
in FIG. 2, the channel matrix is 

h12 
h22 

h32 

h14 
h24 
I84 I 

Note that in FIG. 2, only the sub-channels from transmit 
antennas 1 and 4 are shown, to avoid clutter. Where multipath 
effects are included, further elements h are present in the 
channel matrix. The signal vector received at the array of 
receive antennas 18 at the receive device 14 is then repre 
sented as y:Hx+n, Where n is an additive (Gaussian) noise 
vector. Where the system 10 is a time division multiple access 
system, the channel matrix H may represent multiple paths 
along Which the symbol vector x passes enroute to a receive 
antenna. In a code division multiple access system, elements 
of the symbol vector x represent a symbol spread With a 
particular code. 
As above, one Way to reduce complexity in the receive 

device for detecting the symbol vector y is to use an LLL 
algorithm or other technique to convert the matrix H to a 
matrix that is more orthogonal. In general, a real orthogonal 
matrix is a square matrix Q Whose transpose is its inverse. 
Algebraically, this may be Written as QTQIQQTII, or as 
QT:Q_l (Where the superscript T represents a matrix trans 
pose and I is the identity matrix). Any purposeful conversion 
of the matrix H to one that is closer to this orthogonal ideal is 
a conversion to a more orthogonal matrix. The LLL algorithm 
computes What is termed a change of basis matrix T (Which 
may be adjusted With an integer change) and multiplies it by 
the channel matrix H to yield a more orthogonal matrix H*T. 
Generally, each successive iteration of the LLL algorithm 
purposefully converges the combined matrix H*T for that 
iteration closer toWards the ideal of orthogonality, as com 
pared to the last iteration (or as compared to the original 
matrix H in the case of the ?rst iteration). While occasionally 
one or tWo iterations might yield a less orthogonal matrix than 
the previous iteration, the trend over several iterations is 
toWard orthogonality. The inventor recogniZed that in the 
prior art, some of the problems in utiliZing the LLL algorithm 
to reduce complexity by means of calculating the change of 
basis matrix T is that the complexity of the LLL algorithm to 
compute that change of basis matrix itself depends on its 
input. Because the maximum possible time required for com 
puting the change of basis matrix T is not knoWn in advance, 
then to implement a receiver that operates With a LLL algo 
rithm requires designing that receiver for the Worst case sce 
nario in Which the LLL algorithm runs through a very high 
number of iterations before converging on a solution. Even 
though in practice the LLL algorithm might require such a 
softWare/hardWare commitment only occasionally, the vari 
able computing time complicates the design of the receiver, 
especially When one considers time limitations to detecting 
voice and/or high volume data as above for Which a designer 
in the prior art assumed that the LLL algorithm might require 
a very high number of iterations. 

Calculation of the change of basis matrix T is the most 
computationally demanding step of the lattice reduction 
based MIMO detection. Therefore loWering the complexity 
of the lattice reduction step, i.e. calculation of the change of 
basis matrix T, can signi?cantly reduce the complexity of the 
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6 
overall lattice reduction based MIMO detection. Embodi 
ments of the invention solves this problem by limiting the 
computational complexity of the LLL algorithm to a knoWn 
amount. Speci?cally, the LLL algorithm operates iteratively, 
and the number of iterations varies depending on the input to 
the algorithm. In one exemplary embodiment, the use of this 
invention limits the number of iterations that the LLL algo 
rithm performs to some maximum amount (e.g., tWenty or 
thirty iterations). This maximum amount is determined as a 
compromise betWeen the desired maximum computational 
complexity and the performance loss caused by terminating 
the LLL-algorithm prematurely. 

FIG. 4 illustrates in graphical form a set of simulation 
results, for a MIMO system 10 using eight transmit and eight 
receive antennas, shoWing the mean and maximum condition 
number (vertical axis) of H*Tk as a function of an iteration 
index (horizontal axis) of the LLL-algorithm. The subscript k 
is used to indicate a time instant or frequency subcarrier for 
Which the calculated change of basis matrix Tk is valid, for 
example in an OFDM system. The channel matrix H is valid 
for some coherence interval that depends from the channel 
itself, Which may span multiple packets or symbol vectors. 
Where the change of basis matrix is for a sub-channel, the 
subscript k may indicate that the change of basis matrix is 
valid for the coherence interval of that sub-channel. The 
simulations of FIGS. 4-5 are for 1000 channel realiZations. 
The condition number of H*Tk serves as an indicator of the 
performance of the lattice reduction aided MIMO detection, 
as noise enhancement is related to the condition number. The 
smaller the condition number is, the better the performance 
With loW-complexity detection methods. FIG. 4 shoWs that 
the mean condition number is close to its minimum value 
after about tWenty iterations, as compared to over ?fty itera 
tions required to complete the LLL-algorithm for all the 
simulated channels. The tWenty iterations is also close the 
average of nineteen iterations required to complete the LLL 
algorithm for this set of simulated data. 

FIG. 5 illustrates in graphical form the cumulative distri 
bution function (CDF) of the number of iterations required to 
complete the LLL-algorithm. After tWenty iterations, FIG. 5 
shoWs that the LLL-algorithm has completed for almost 70% 
of channel realiZations. Referring again to FIG. 4, after 
tWenty iterations the maximum condition number of H*Tk 
has decreased to about half from the maximum condition 
number encountered during the LLL-algorithm. The substan 
tial drop in condition number at about 28 iterations (FIG. 4) 
makes clear that approximately thirty iterations are required 
to limit the maximum condition number near its minimum 
value. The lesser drop in condition number betWeen thirty and 
forty iterations is beyond the point of diminishing returns, 
Which FIG. 5 illustrates more clearly (about 22% of channel 
realiZations betWeen 20 and 30 iterations, but only about 8% 
of channel iterations betWeen 30 and 40 iterations). 

While the above description computes the change of basis 
matrix using the LLL algorithm, embodiments of this inven 
tion and the teachings herein can also be applied to any lattice 
reduction algorithm that operates iteratively, and that gener 
ally converges toWards the ?nal solution at each iteration step. 
Currently it appears that the LLL algorithm is used most 
Widely, but also the Korkin-Zolotarev lattice reduction algo 
rithm may be adapted With the aspects of the invention 
described herein. Further details on these algorithms and 
others may be found in a paper entitled LATTICE BAsIs REDUC 
TION: IMPROVED PRACTICAL ALGORITHMS AND SOLvING SUB sET SUM 

PROBLEMS, by C. P. Schnorr and M. Euchner (July 1993). 
Whether for an LLL algorithm or another iterative con 

verging algorithm, implementation requires counting the 



US 7,668,268 B2 
7 

number of iterations performed and then checking the count 
against the limit. If the maximum limit is reached, further 
iterations of the algorithm are terminated and the result after 
the ?nal iteration is accepted. While not as accurate as run 
ning all iterations of the algorithm, this is seen as a reasonable 
tradeoff for predictability in the algorithm time and compu 
tational load so s to more ef?ciently design other components 
of the receiver (e. g., RAM memory, processor poWer, battery 
size, etc.). For those instances Where the algorithm converges 
to a solution before reaching the maximum number of itera 
tions, no accuracy is lost. While in those instances Where the 
algorithm terminates prior to converging fully on a solution 
some performance is lost as compared to the prior art, the 
advantage of knoWing in advance the maximum computa 
tional effort/time for computing the change of basis matrix Tk 
is seen to more than offset that loss of performance. 

Maximally limiting the number of iterations for the con 
verging algorithm applies to the end of the calculation of the 
change of basis matrix Tk. While that technique is valuable in 
and of itself, ef?ciencies may also be gained at the starting 
point of the algorithm, as detailed beloW. 

The teachings beloW may be exploited Whenever the chan 
nel for Which the change of basis matrix T is calculated 
exhibit correlation. Typically, correlation Will be over time 
and/ or frequency. In another aspect of the invention, a corre 
lation property of the channel is used to initialize the calcu 
lation of the reduced lattice basis. Whereas the prior art begins 
the calculation of T independently of previous calculations of 
the change of basis matrix T each time it needs to be computed 
(e. g., for each time instant or frequency subcarrier), this 
aspect of the invention begins the algorithm for computing the 
current change of basis matrix Tk With a previously calculated 
change of basis matrix Tk_l such that the reduced basis is 
easier to compute than Without the initialization. That previ 
ously calculated change of basis matrix Tk_l may be for the 
same subchannel calculated at a previous time, or may be for 
a closely aligned subchannel calculated immediately prior to 
(or even partially in parallel With) the current computation of 
the current change of basis matrix Tk. This initialization of the 
algorithm uses a previously calculated lattice reduction as its 
starting point, resulting in a substantial decrease of the aver 
age complexity of calculating the reduced lattice basis for the 
current channel realization. 

The combination of both initializing the algorithm With a 
previously calculated lattice reduction and truncating itera 
tions of the algorithm after a predetermined maximum num 
ber are mutually bene?cial to system performance. Operation 
of the former reduces the number of instances in Which a full 
algorithm convergence Would otherWise exceed the maxi 
mum number of algorithm iterations, so both aspects of the 
invention combined are synergistic. For example, if a speci?c 
selected maximum number of iterations Would result in 10% 
of change of basis matrix calculations being truncated When 
no initialization is used, then initializing the algorithm With a 
previously computed change of basis matrix should reduce 
that 10% induced error factor (Where less than full conver 
gence implies error) to some loWer ?gure in nearly all 
instances. 

Consider a MIMO communications system 10 With tWo 
channel realizations Hk and Hk+l, Where the index k can refer 
to a time instant or frequency subcarrier in for example an 
OFDM system. These tWo channels Hk and Hk+1 are often 
quite similar, but not exactly the same. The prior art lattice 
reduction MIMO detectors calculate the lattice reduction 
individually for both Hk and Hk+ 1, and independently of one 
another. The individual lattice reduction calculations output 
the change of basis matrices Tk and Tk+l. This aspect of the 
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8 
invention results in a loWer complexity calculation of Tk+ 1 by 
exploiting the similarity of Hk and Hk+ 1. 
As Would be expected, the ?rst channel realization at a ?rst 

time instant cannot take advantage of the algorithm initializa 
tion aspect described above. For all other channel realiza 
tions, the input to the lattice reduction algorithm for the 
second time instant is a matrix derived from the ?rst channel 
realization, Whenever the channel realizations exhibit corre 
lation. There are several Ways to implement this algorithm 
initialization: the prior channel matrix may be used directly, 
the prior change of basis matrix may be used directly, or some 
hybrid thereof. In one exemplary implementation, What is 
termed an initialization channel matrix H'kHIHk+1 *Tk is used 
to initialize the algorithm for the next channel realization, 
Which as shoWn is the current channel matrix Hk+1 multiplied 
by the previous change of basis matrix Tk. The initialization 
channel matrix H'k+1 is often nearly reduced due to the cor 
relation betWeen the previous channel matrix H k and the cur 
rent channel matrix Hk+l, hence the complexity of the lattice 
reduction calculation is usually signi?cantly loWer than using 
the prior art input Hk+l. The lattice reduction of the initializa 
tion channel matrix H'k+1 then outputs a change of basis 
matrix Tk+l, from Which is computed the overall change of 
basis matrix T'k+l:Tk+l*Tk. 

Table 1 beloW shoWs a comparison of computational load 
betWeen prior art lattice reduction Where each channel real 
ization is computed independently, and lattice reduction 
according to the algorithm initialization using the initializa 
tion channel matrix H'k+1 and the change of basis matrix T'k+1 
detailed above. The results are for 100 simulated channel 
realizations of an OFDM system With FTT size equal to 512. 
The channel realizations are independent. The prior art lattice 
reduction is calculated individually for each OFDM subcar 
rier Hk and the initialized lattice reduction initializes each 
lattice reduction With Hk+l*Tk, except for kIl. The results 
shoW a complexity decrease of approximately by a factor 
three to ?ve, depending on the number of antennas. 

TABLE 1 

COMPARISON OF THE AVERAGE COMPUTATIONAL 
COMPLEXITY OF PRIOR ART AND 
ALGORITHM INTITIALIZATION 

REAL REAL 
ADDS MULTIPL. TOTAL IMPROVEMENT 

4TX-4RX REDUCE 831 972 1803 i 

HK 
4TX-4RX REDUCE 262 299 561 3.21 

HK+1 * TK 
8TX-8RX REDUCE 4817 5626 10443 i 

HK 
8TX-8RX REDUCE 1016 1092 2108 4.95 

HK+1 * TK 

Implementation of the algorithm initialization aspect of the 
invention is straightforWard to apply, for any lattice reduction 
algorithm. First, calculate the initialization channel matrix 
H'kHIHk+1 *Tk for the current channel realization, then apply 
the lattice reduction algorithm to the initialization channel 
matrix H'k+1 . The lattice reduction outputs the change of basis 
matrix T H 1 for the current channel realization or time instant. 
Then, the overall change of basis matrix is calculated as 
T'k+1 :Tk* Tk+ 1 . After these steps, the prior art lattice reduction 
based MIMO detection methods can be used With H'k+1 *Tk+1 
and T'k+ 1. 

While additional matrix multiplications are needed to cal 
culate the initialization channel matrix H'k+l:Hk+l*Tk and 
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the overall change of basis matrix T'k+ IITk’X‘Tk+ 1, lattice 
reduction complexity is reduced by approximately a factor of 
three to ?ve for four and eight antenna systems. For channels 
With four or more transmit and receive antennas, the decrease 
of lattice reduction complexity is substantially more than the 
additional complexity due to the additional matrix multipli 
cations necessary to implement the algorithm initialization 
aspect of the invention, as shoWn in Table l . While feWer than 
four or eight antennas Will yield lesser net gains in computa 
tional savings, it is still seen that a net savings Will accrue. 
Additionally, initializing the algorithm is expected to nearly 
alWays reduce errors that may arise from less-than-full con 
vergence of the algorithm When the maximum number of 
iterations limit is used in conjunction With the initialization 
aspect of the invention. 

FIG. 6 illustrates in process diagram form the combined 
aspects of the invention detailed above. At initiation of a 
communication session, the current time instant/ channel real 
ization k is set to zero at block 602. The current channel 
matrix Hk is determined at block 604, and an iterative algo 
rithm is then employed to ?nd the change of basis matrix Tk 
that, When multiplied With the channel matrix H k Will yield a 
matrix H k*T k that is more orthogonal than the channel matrix 
Hk. For a ?rst iteration of the algorithm, the index i is set to 
one at block 606. If there is no history With this channel/ 
communication session, then the right side of FIG. 6 is fol 
loWed Where kIO at block 608 and the lattice reduction is not 
initialized (left and right sides of FIG. 6 are separated by a 
dotted line). An interim change of basis matrix T is computed 
at block 610 for the ith iteration of the LLL algorithm, and the 
current index i is checked at block 612 against the register that 
stores the maximum value for the number of alloWed itera 
tions of the algorithm. If no, then at block 614 the interim 
change of basis matrix T for the ith iteration is checked against 
the previous iteration for the interim change of basis matrix T 
to determine if there has been convergence, (as in FIG. 4). If 
convergence is not attained, then at block 616 the index i is 
increased and the loop of blocks 610, 612 and 614 are 
repeated. At some point after a number of iterations, either the 
change of basis matrix Tk Will have converged on its previous 
value or a maximum number of iterations Will be reached, in 
Which case the symbol vector x is detected at block 618 by 
zero forcing, minimum mean square error, serial interference 
cancellation, or other techniques knoWn in the art. At block 
620, the estimated symbol vector x is output, and at block 622 
the values for the current (kth) Hk and Tk are stored. 

The next channel realization (e.g., another sub-channel or 
the same sub-channel at a next time instant) is represented at 
block 624 by increasing the index k. This increase in k renders 
the stored values Hk and Tk as noW being Hk_ 1 and Tk_ 1, since 
the current channel realization is k in FIG. 6 (note that this 
differs from the k+l convention used in text above). For the 
current channel realization k, the channel matrix Hk is deter 
mined at block 604 again, the index i is reset to zero at block 
606, but k is no longer zero at block 608 so the left side of FIG. 
6 is entered. Rather than brute force calculating the interim 
change of basis matrix T for the ?rst iteration of the algorithm 
as in block 610, at block 626 the initialization channel matrix 
H'kis determined as Hk (fromblock 604) and Tk_ 1 (from block 
622). The iIl ?rst iteration of the algorithm is then run using 
the initialization channel matrix H'k to arrive at an interim 
change of basis matrix T at block 628. As With the right side 
of FIG. 6, then the algorithm iteration index i is checked 
against the maximum at block 630 and convergence is 
checked at block 632. If no to both, the iteration index i is 
increased at block 633 and the loop of blocks 628, 630, and 
632 is repeated. If yes to either of blocks 630 or 632, then at 
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block 636 is computed the overall change of basis matrix T'k 
from the previous change of basis matrix Tk_l (from block 
622) and the current change of basis matrix Tk (from the most 
recent iteration of block 628). The symbol vector x is detected 
at block 636 using Hk and T'k from blocks 604 and 634, 
respectively. The estimated symbol vector x is output at block 
620, the stored change of basis matrix Tk is replaced With the 
matrix T'k computed in block 634, and the matrices Hk and Tk 
for the current k’h channel realization are saved in memory at 
block 622 for use in deriving the change of basis matrix for the 
next channel realization. This may continue to start each 
subsequent channel realization at block 624, each time 
replacing the stored values of Hk and Tk With the next current 
values to keep the change of basis matrix from diverging too 
much from the current channel realization as time and chan 
nel conditions progress. 

FIG. 3 illustrates a schematic diagram of a transceiver such 
as a base transceiver station BTS or a mobile station MS in 
Which the invention may be embodied. The invention may be 
disposed in any host computing device. A MS is a handheld 
portable device that is capable of Wirelessly accessing a com 
munication netWork, such as a mobile telephony netWork of 
BTS’s that are coupled to a publicly sWitched telephone net 
Work. A cellular telephone, a portable email device, and a 
personal digital assistant (PDA) With Internet or other tWo 
Way communication capability are examples of a MS 32. A 
portable Wireless device includes mobile stations as Well as 
additional handheld devices such as Walkie talkies and 
devices that may access only local netWorks such as a Wire 
less localized area netWork (WLAN) or a WIFI netWork. 
The component blocks illustrated in FIG. 3 are functional 

and the functions described beloW may or may not be per 
formed by a single physical entity as described With reference 
to FIG. 3. While not illustrated, there may also be a graphical 
display screen and display driver, and a user input mechanism 
(e.g., keypad, microphone, joystick) and input driver for 
interfacing With a user, a battery if the device of claim 3 is 
portable. 

In the device 30 of FIG. 3, a signal is received at a plurality 
of receive antennas 18, Which have outputs coupled to inputs 
(or one input) of a channel estimator 32 Which estimates the 
channel matrix H in conjunction With a processor 34 and 
memory 36. Within the processor 34 are functions such as 
digital sampling, decimation, interpolation, encoding and 
decoding, modulating and demodulating such as by QAM, 
encrypting and decrypting, spreading and despreading (for a 
CDMA compatible device), and additional signal processing 
functions knoWn in the art. Computer programs such as algo 
rithms to modulate, encode and decode, data arrays such as 
look-up tables, and the like are stored in a computer readable 
storage media 36 Which may be an electronic, optical, or 
magnetic memory storage media as is knoWn in the art for 
storing computer readable instructions and programs and 
data. The memory 36 is typically partitioned into volatile and 
non-volatile portions, and is commonly dispersed among dif 
ferent storage units, some of Which may be removable. 
An output of the channel estimator 32 is coupled to an input 

of a basis matrix generator 38, Which iteratively applies an 
algorithm as noted above and stored in memory as computer 
executable instructions to resolve the change of basis matrix 
T. A register or counter 40 keeps a current value of the itera 
tive index i as detailed in FIG. 6 so as to upWardly bound a 
number of iterations the matrix generator 38 performs on a 
single channel realization. The processor controls all these 
functions and accesses, reads, compares, and replaces stored 
values as detailed With respect to FIG. 6. Feedback from the 
matrix generator 38 to the channel estimator 32 is through the 
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processor 34. Once the matrix generator 38 converges on a 
solution for T or reaches the maximum number of iterations, 
it outputs the result to a detector 46, which may be of the Zero 
forcing, MMSE, SIC, or other type, to resolve the transmitted 
vector x from the matrices H and T as detailed with respect to 
FIG. 6. Further processing of the detected vector x within the 
transceiver of the device 3 0 may then proceed as known in the 
art. 

The embodiments of this invention may be implemented 
by computer software executable by a data processor of a MS, 
BTS or other host device, such as the processor 34, or by 
hardware, or by a combination of software and hardware. 
Further in this regard it should be noted that the various blocks 
of the logic ?ow diagram of FIG. 6 may represent program 
steps, or interconnected logic circuits, blocks and functions, 
or a combination of program steps and logic circuits, blocks 
and functions. 

The memory or memories 36 may be of any type suitable to 
the local technical environment and may be implemented 
using any suitable data storage technology, such as semicon 
ductor-based memory devices, magnetic memory devices 
and systems, optical memory devices and systems, ?xed 
memory and removable memory. The data processor(s) 34 
may be of any type suitable to the local technical environ 
ment, and may include one or more of general purpose com 
puters, special purpose computers, microprocessors, digital 
signal processors (DSPs) and processors based on a multi 
core processor architecture, as non-limiting examples. 

In general, the various embodiments may be implemented 
in hardware or special purpose circuits, software, logic or any 
combination thereof. For example, some aspects may be 
implemented in hardware, while other aspects may be imple 
mented in ?rmware or software which may be executed by a 
controller, microprocessor or other computing device, 
although the invention is not limited thereto. While various 
aspects of the invention may be illustrated and described as 
block diagrams, ?ow charts, or using some other pictorial 
representation, it is well understood that these blocks, appa 
ratus, systems, techniques or methods described herein may 
be implemented in, as non-limiting examples, hardware, soft 
ware, ?rmware, special purpose circuits or logic, general 
purpose hardware or controller or other computing devices, 
or some combination thereof. 

Embodiments of the inventions may be practiced in various 
components such as integrated circuit modules. The design of 
integrated circuits is by and large a highly automated process. 
Complex and powerful software tools are available for con 
verting a logic level design into a semiconductor circuit 
design ready to be etched and formed on a semiconductor 
substrate. 

Programs, such as those provided by Synopsys, Inc. of 
Mountain View, Calif. and Cadence Design, of San Jose, 
Calif. automatically route conductors and locate components 
on a semiconductor chip using well established rules of 
design as well as libraries of pre-stored design modules. Once 
the design for a semiconductor circuit has been completed, 
the resultant design, in a standardiZed electronic format (e.g., 
Opus, GDSII, or the like) may be transmitted to a semicon 
ductor fabrication facility or “fab” for fabrication. 

Although described in the context of particular embodi 
ments, it will be apparent to those skilled in the art that a 
number of modi?cations and various changes to these teach 
ings may occur. Thus, while the invention has been particu 
larly shown and described with respect to one or more 
embodiments thereof, it will be understood by those skilled in 
the art that certain modi?cations or changes may be made 
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therein without departing from the scope and spirit of the 
invention as set forth above, or from the scope of the ensuing 
claims. 

What is claimed is: 
1. A method comprising: 
receiving at a plurality of antenna ports a signal vector over 

a plurality of channels; 
at least one processor determining a channel matrix H that 

represents at least one of the plurality of channels; 
the at least one processor using an iterative algorithm to 

determine a change of basis matrix T that when multi 
plied with the channel matrix H converges to a matrix 
H*T that is more orthogonal than the channel matrix H, 
wherein the iterative algorithm is upwardly bounded in a 
number of iterations by a predetermined maximum 
value; and 

the at least one processor using the channel matrix H and 
the change of basis matrix T to detect the received signal 
vector; 

wherein the at least one processor further determines the 
change of basis matrix T by initialiZing the iterative algorithm 
in a ?rst iteration with an initialiZation channel matrix H'k that 
is derived from a current channel matrix Hk and a change of 
basis matrix Tk_l from a previous channel realiZation. 

2. The method of claim 1, wherein the predetermined maxi 
mum value is equal to or less than about thirty iterations of the 
algorithm. 

3. The method of claim 1, wherein the iterative algorithm 
comprises a Lenstra -Lenstra-LovasZ algorithm. 

4. A program of machine-readable instructions, tangibly 
embodied on an information bearing medium and executable 
by a digital data processor, to perform actions directed toward 
determining a change of basis matrix T for use in decoding a 
received signal, the actions comprising: 

receiving a signal vector over a plurality of channels; 
determining a channel matrix H that represents at least one 

of the plurality of channels; and 
using an iterative algorithm, determining a change of basis 

matrix T that when multiplied with the channel matrix H 
converges to a matrix H*T that is more orthogonal than 
the channel matrix H, wherein the iterative algorithm is 
upwardly bounded in a number of iterations by a prede 
termined maximum value, 

wherein the change of basis matrix T is further determined by 
initialiZing the iterative algorithm in a ?rst iteration with an 
initialization channel matrix H'k that is derived from a current 
channel matrix Hk and a change of basis matrix Tk_l from a 
previous channel realiZation. 

5. The program of claim 4, wherein the predetermined 
maximum value is stored on the information bearing medium 
and is no greater than thirty iterations of the algorithm. 

6. The program of claim 4, wherein the iterative algorithm 
is stored on the information bearing medium and comprises a 
Lenstra-Lenstra-LovasZ algorithm. 

7. An apparatus comprising: 
a plurality of receive antenna ports; 
a channel estimator having an input coupled to an output of 

each of the plurality of receive antenna ports and an 
input coupled to a processor and adapted to determine a 
channel matrix H for a channel realiZation; 

a matrix generator having an input coupled to an output of 
the channel estimator and adapted to determine accord 
ing to an iterative algorithm a change of basis matrix T 
that when multiplied with the channel matrix H con 
verges to a matrix H*T that is more orthogonal than the 
channel matrix H; 
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a register coupled to the matrix generator and adapted to 
store an upward bound to the number of iterations the 
algorithm may perform; and 

a memory adapted to store the iterative algorithm, Where 
the processor terminates further iterations of the algo 
rithm for a current channel realization once the upWard 
bound is reached. 

8. The apparatus of claim 7, further Wherein the memory is 
adapted to store a previous change of basis matrix Tk_l from 
a previous channel realization, and the processor initiates a 
?rst iteration of the iterative algorithm With a value derived 
from the previous change of basis matrix Tk_ 1. 

9. The apparatus of claim 8, Wherein the value derived from 
the previous change of basis matrix Tk_ 1 comprises an initial 
ization channel matrix H'k derived from multiplying a current 
channel matrix Hk With the previous change of basis matrix 
TH. 

10. A method for detecting a signal comprising: 
receiving at a plurality of antenna ports a signal vector over 

a plurality of channels; 
for a ?rst channel realization, at least one processor deter 

mining a ?rst channel matrix H 1 that represents at least 
one of the plurality of channels; 

the at least one processor using an iterative algorithm to 
determine a ?rst change of basis matrix Tl that When 
multiplied With the ?rst channel matrix H 1 converges to 
a ?rst combined matrix Hl’l‘Tl that is more orthogonal 
than the ?rst channel matrix H1; 

for a second channel realization, the at least one processor 
determining a second channel matrix H2 that represents 
at least one of the plurality of channels; 

the at least one processor initializing the iterative algorithm 
With a matrix derived from the ?rst change of basis 
matrix T l; 

the at least one processor using the initialized iterative 
algorithm to determine a second change of basis matrix 
T2 that When multiplied With the second channel matrix 
H2 converges to a second combined matrix HZ’X‘T2 that is 
more orthogonal than the second channel matrix H2; and 

the at least one processor using the second channel matrix 
H2 and the second change of basis matrix T2 to detect a 
signal received in the second channel realization. 

11. The method of claim 10, Wherein the iterative algo 
rithm is upWardly bounded in a number of iterations by a 
predetermined maximum value. 

12. The method of claim 10, Wherein the iterative algo 
rithm comprises a Lenstra -Lenstra-Lovasz algorithm. 

13. The method of claim 10, Wherein the matrix derived 
from the ?rst change of basis matrix Tl comprises an initiat 
ing channel matrix H'2 such that H'2:H2*Tl. 

14. A program of machine-readable instructions, tangibly 
embodied on an information bearing medium and executable 
by a digital data processor, to perform actions directed toWard 
determining a change of basis matrix T for use in decoding a 
received signal, the actions comprising: 
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receiving a signal vector over a plurality of channels; 
for a ?rst channel realization, determining a ?rst channel 

matrix H 1 that represents at least one of the plurality of 

channels; 
using an iterative algorithm, determining a ?rst change of 

basis matrix Tl that When multiplied With the ?rst chan 
nel matrix Hl converges to a ?rst combined matrix 
Hl’l‘Tl that is more orthogonal than the ?rst channel 
matrix H1; 

for a second channel realization, determining a second 
channel matrix H2 that represents at least one of the 
plurality of channels; 

initializing the iterative algorithm With a matrix derived 
from the ?rst change of basis matrix T1; 

using the initialized iterative algorithm, determining a sec 
ond change of basis matrix T2 that When multiplied With 
the second channel matrix H2 converges to a second 
combined matrix HZ’X‘T2 that is more orthogonal than the 
second channel matrix H2; and 

using the second channel matrix H2 and the second change 
of basis matrix T2 to detect a signal received in the 
second channel realization. 

15. The program of claim 14, Wherein the iterative algo 
rithm is upWardly bounded in a number of iterations by a 
predetermined maximum value. 

16. The program of claim 14, Wherein the iterative algo 
rithm comprises a Lenstra -Lenstra-Lovasz algorithm. 

17. The program of claim 14, Wherein the matrix derived 
from the ?rst change of basis matrix T 1 comprises an initiat 
ing channel matrix H'2 such that H'2:H2*Tl. 

18. An apparatus comprising: 
a plurality of receive antenna ports; 
a channel estimator having an input coupled to an output of 

each of the plurality of receive antenna ports and an 
input coupled to a processor and adapted to determine a 
?rst channel matrix Hl for a ?rst channel realization and 
a second channel matrix H2 for a second channel real 
ization; 

a matrix generator having an input coupled to an output of 
the channel estimator and adapted to determine accord 
ing to an iterative algorithm a ?rst change of basis matrix 
T1 for a ?rst channel realization that When multiplied 
With the ?rst channel matrix Hl converges to a ?rst 
combined matrix H 1 *T1 that is more orthogonal than the 
?rst channel matrix H1, and adapted to determine, 
according to the iterative algorithm initialized With a 
matrix deriving from the ?rst change of basis matrix T1, 
a second change of basis matrix T2 for the second chan 
nel realization that When multiplied With the second 
channel matrix H2 converges to a second combined 
matrix HZ’X‘T2 that is more orthogonal than the second 
channel matrix H2. 
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